We isolated and characterized two rice genes, OsRpoTp and OsRpoTm, that encode putative phage-type RNA polymerases. Predicted amino acid sequences showed high homology of these genes to known RpoT genes. A transient expression assay using green fluorescent protein indicated that the encoded proteins were localized to plastids and mitochondria, respectively. We demonstrated by reverse transcription-PCR experiments and immunoblot analysis that OsRpoTp expression occurred at an early stage of leaf development, prior to the transcript accumulation of the genes that were transcribed by the nuclearencoded plastid RNA polymerase (NEP). Expression analyses of the chloroplast-deficient rice mutant, virescent-1, showed a discrepancy between OsRpoTp protein accumulation and the level of transcripts of NEP-transcribed genes. Our results suggest that NEP activation is regulated by a process after transcription, and is affected by the developmental state of chloroplast biogenesis.
Introduction
Chloroplast biogenesis consists of a complex series of events, the regulatory mechanisms of which are largely unknown. Overall rates of chloroplast transcription change dramatically during chloroplast development, and the transcription of plastid-encoded genes is regulated differentially depending on the developmental stage (Mullet 1993) . This suggests that transcriptional machineries play an important role in chloroplast differentiation. Transcription of plastid genes is mediated by at least two RNA polymerases: the plastidencoded plastid RNA polymerase (PEP) and the nuclearencoded plastid RNA polymerase (NEP) (Hess and Börner 1999) . PEP is a multisubunit eubacteria-type RNA polymerase whose core subunits are encoded by the rpoA, rpoB, rpoC1 and rpoC2 genes. NEP is a single-subunit bacteriophage-type enzyme and is encoded by RpoT genes (Liere et al. 2004) . Transcriptional patterns and transcript mapping in PEPdeficient plants suggest that NEP mainly transcribes plastid genes for the transcription/translation apparatus, whereas PEP functions in the expression of photosynthesis-related genes (Kapoor et al. 1997, Liere and Maliga 1999) .
We previously reported that the activation of transcriptional/translational genes is light independent and occurs during a strictly limited period of early leaf development in rice (Kusumi et al. 1997 . On the other hand, transcript levels of most photosynthesis-related genes are low at this period, but increase dramatically in mature leaves. These observations are consistent with results from other plant species (Mullet 1993) , and suggest that NEP triggers chloroplast differentiation via activation of the chloroplast genetic system during early leaf development. While a number of RpoTs have been identified in various plant species (Hedtke et al. 1997 , Chang et al. 1999 , Ikeda and Gray 1999 , Kobayashi et al. 2002 , Emanuel et al. 2004 ), very little is known about the regulatory mechanisms of RpoT expression and the role NEP plays in chloroplast differentiation.
Here we report the cloning and characterization of two RpoTs, OsRpoTm and OsRpoTp, of rice. While OsRpoTm was targeted to mitochondria, OsRpoTp showed plastid targeting and thus represents a NEP. Expression analysis indicated that the activation of NEP occurred at a strictly limited stage of leaf development, prior to the expression of PEP subunits and the photosynthetic apparatuses. We propose that NEP activation is regulated by the processes after transcription including mRNA stabilization, translation, and translocation.
Results and Discussion

Cloning of two genes encoding phage-type RNA polymerases
Using degenerate primers targeted to conserved regions of RpoT genes described previously (Cermakian et al. 1996 , Hedtke et al. 1997 , Chang et al. 1999 , Ikeda and Gray 1999 , Hedtke et al. 2002 , Kobayashi et al. 2002 , we amplified DNA fragments of RpoTs from rice cDNA. Two different fragments were obtained and found to be homologous to other RpoT genes (data not shown). The full-length cDNA clones corresponding to each partial clone were isolated by rapid amplification of cDNA ends (RACE) and we obtained 3,710 and 3,715 bp of the sequences. Since the size of these transcripts coincided with the cDNA size of other RpoTs, we concluded that these cDNAs were full-length clones. Based on their homology to maize RpoT sequences as shown below, these genes were designated OsRpoTp and OsRpoTm, respectively. Genomic sequences corresponding to these cDNAs were obtained using the RGP rice genome database (http:// rgp.dna.affrc.go.jp/). BLAST searches revealed that OsRpoTp and OsRpoTm were located on chromosome 6 and 9 respectively, and the comparison of genomic and cDNA clones showed that both OsRpoTp and OsRpoTm contain 19 exons and 18 introns (Fig. 1A) . The number and positions of the introns in the OsRpoT genes were identical to those of the Arabidopsis (Hedtke et al. 1997) , maize (Chang et al. 1999) , tobacco (Kobayashi et al. 2002) and barley (Emanuel et al. 2004) RpoT genes. OsRpoTp and OsRpoTm were estimated to encode polypeptides of 953 and 1,017 amino acids, corresponding to molecular sizes of 108.4 and 114.2 kDa, respectively. Phylogenetic analysis showed that the predicted amino acid sequences of OsRpoTp and OsRpoTm resembled the corresponding monocot RpoT sequences particularly closely (Fig. 1B) . OsRpoTp shares 87.9% amino acid identity with maize RpoTp, and OsRpoTm is 82.4% homologous to maize RpoTm.
At least three copies of RpoT exist in Arabidopsis and tobacco (Hedtke et al. 2000 , Kobayashi et al. 2002 , while in monocots such as wheat and maize, only two RpoT genes have been detected (Chang et al. 1999 , Ikeda and Gray 1999 , Emanuel et al. 2004 . We searched for homologies with the conserved regions of the RpoT sequences in all available rice genomic databases, but additional ORFs with significant similarity to known RpoTs were not found. In addition, Southern blot analysis using probes derived from N-terminal, least conserved regions of OsRpoTp and OsRpoTm detected a single band for each gene (data not shown). Therefore, we concluded that OsRpoTp and OsRpoTm are single-copy genes.
Cellular localization of OsRpoTp and OsRpoTm
Previously isolated RpoTs contained N-terminal transit peptides targeting the protein to mitochondria and/or plastids (Chang et al. 1999) . Although the N-terminal sequences of OsRpoTp and OsRpoTm resembled those of maize RpoTp and RpoTm, computer analyses of the putative transit peptide did not indicate what we expected. The TargetP program (Emanuelsson et al. 2000) predicted that both proteins had chloroplast transit peptide, and the PSORT program (Nakai and Kanehisa 1992) did not predict specific targeting properties for the deduced proteins. RpoTs from various plant species. OsRpoTp and OsRpoTm are described for the first time in the present study (indicated by bold-face letters). The sequences of other RpoTs were obtained from the GenBank database: AtRpoT1, AtRpoT2 and AtRpoT3, A. thaliana AtRpoT;1(Y08137), AtRpoT;2 (AJ278248) and AtRpoT;3 (Y08463); NsRpoT-A, NsRpoT-B and NsRpoT-C, N. sylvestris NsRpoT-A (AB058954), NsRpoT-B (AB058957) and NsRpoT-C (AB084951); PpRpoT1 and PpRpoT2, Physcomitrella patens RpoT1 (AB055214) and RpoT2 (AB055215); CaRpoT, Chenopodium album RpoT (Y08067); Wheat-C and Wheat-G, Triticum aestivum RpoT-C (U34402) and RpoT-G (AF091838); ZmRpoTp and ZmRpoTm, Zea mays RpoTp (AF127022) and RpoTm (AF127021); HvRpoTp and HvRpoTm, Hordeum vulgare RpoTp (CAD45446) and RpoTm (CAE52834); T7, bacteriophage T7 (M38308). The deduced amino acid sequences of RpoTs were aligned by the CLUSTAL W program (1.81) (Thompson et al. 1994) . A neighbor-joining (Saitou and Nei 1987) tree was constructed based on the sequence alignment and tested further with 1,000 bootstrap resamplings by using the computer program MEGA2 (2.2) (Kumar et al. 2001 ). Poisson-correction distance was used with 415 amino acids after removing variable N-terminal part and gaps. Cellular localization demonstrated experimentally is indicated as mitochondria (mt), plastids (pt), or both (mt/pt). Kabeya et al. (2002) showed that the C-terminus region of RpoTs of land plants contains a consensus region which is specific to mitochondrial and plastidic phage-type RNA polymer- [853] [854] [855] [856] [857] [858] [859] [860] [861] [862] [863] [864] [865] [866] [867] [868] [869] in Arabidopsis AtRpoT;1; specific residues are underlined, and x represents poorly-conserved residues) and plastidic RpoTs have
in the same position (residue 870-886 in Arabidopsis AtRpoT;3) (Kabeya et al. 2002 , Emanuel et al. 2004 ). Corresponding regions of OsRpoTp and OsRpoTm contained the mitochondrial and plastidic signature sequence, respectively.
In addition, we fused GFP with the N-terminal regions of OsRpoTp and OsRpoTm and transfected tobacco suspensioncultured green cells, N-1, by particle bombardment. In cells expressing the OsRpoTp-sGFP fusion protein, green fluorescence was clearly observed in chloroplasts (Fig. 2) . On the other hand, in cells expressing OsRpoTm-sGFP, GFP could be detected in mitochondria (Fig. 2) . In Arabidopsis as well as tobacco, one class of RpoT proteins is targeted to both plastids and mitochondria (Hedtke et al. 2000 , Kobayashi et al. 2001 , Hedtke et al. 2002 . In both species, two translation initiation codons occur at the 5′ end of the protein-coding region, which are essential for dual targeting to two organelles. Because there were two in-frame AUG codons separated by 99 bp in OsRpoTm (Fig. 1A) , we tested the possibility that translation starting from the second AUG codon altered targeting properties of the OsRpoTm protein. When the construct containing the sequence from the second methionine (aa 35) to residue 200 of the OsRpoTm peptide fused to GFP was transformed into cells, expression of GFP still could be detected only in mitochondria (Fig. 2) . We concluded that OsRpoTp functions exclusively in plastids, whereas OsRpoTm is specific for mitochondria.
Expression of OsRpoTp and OsRpoTm genes in different organs
In rice, successive leaves develop in an ordered manner (Nemoto and Yamazaki 1993) , and the number of growing leaves in one shoot is practically constant throughout plant development. When a new leaf emerges, there usually are four younger leaves at different developmental stages (Nemoto and Yamazaki 1993) . These leaves, which are concealed by the older leaf sheaths, go through successive stages of develop- (Araki et al. 2000) . (E) Mitochondrial control (mt cont) with the GFP fused to the transit peptide from the Arabidopsis mitochondrial ATPase γ-subunit . GFP fluorescence, chlorophyll autofluorescence, and merged images are shown as indicated on top. Scale bars indicate 10 µm. ment, from P1 (leaf primordium), to P5 (emerging leaf; Fig.  3A ). To analyze the differential expression of OsRpoTp as well as OsRpoTm during leaf development, Northern and RT-PCR analyses were carried out in various organs (mature third leaf, L3
; not yet emerged fourth leaf, L4; shoot base, SB; root, R) of rice seedlings with a fully emerged third leaf (Fig. 3A) . In these plants the third and fourth leaves were at stages P5 and P4, respectively. The shoot base portion (SB) contained the immature fifth to seventh (corresponding to stages P1 to P3), and the basal region of the fourth leaf at stage P4. OsRpoTp transcripts were most abundant in the concealed fourth leaf (stage P4; Fig.  3B ), as were those of the genes encoding the PEP elements, rpoA and SIG1. Quantitative RT-PCR with parallel amplification of cytoplasmic 17S rRNA showed that OsRpoTp transcript accumulation in L4 was over 3-fold higher than in other tissues (Fig. 3B) . On the other hand, the transcripts of OsRpoTm accumulated in SB which mainly contained leaves at the stages P1 to P3. In L3, reductions in the transcript levels of both genes were observed, whereas the transcripts of photosynthesisrelated genes, rbcL and Lhcb, accumulated in large quantities (Fig. 3C ). These observations were consistent with our previous finding that the transcription of plastid genes that are controlled by NEP-recognized promoters and that encoded elements of the transcription/translation apparatus occurs exclusively at the P4 stage in rice (Kusumi et al. 1997) .
Expression of OsRpoTp and PEP subunits during leaf development
To investigate the differential regulation of the OsRpoTp protein during leaf development, we raised antibodies against a synthetic polypeptide (9 aa), corresponding to residues 814-822 of OsRpoTp (Fig. 4A) . The peptide sequence of this region is unique and distinct from corresponding regions of other RpoT proteins, such as OsRpoTm and Arabidopsis RpoTs (Fig.  4A) . To avoid non-specific binding, the antiserum prepared was affinity-purified twice with the synthetic oligopeptide, and immunoreactivity was confirmed by using a lysate of E. coli cells that expressed His-tagged OsRpoTp (His-OsRpoTp) (see Materials and Methods). Immunoblot analysis showed that the purified His-OsRpoTp specifically reacted with anti-OsRpoTp antibodies (Fig. 4B) ; when the total protein of rice leaf tissues was tested, anti-OsRpoTp antibodies also bound to a protein of the expected size. Reactivity of antibodies was also confirmed using isolated chloroplast. A polypeptide of 105 kDa was detected in the chloroplast fraction, but not in the mitochondrial fraction (Fig. 4C) .
Using these antibodies, we examined by SDS-PAGE and immunoblot analysis the accumulation of OsRpoTp protein as well as that of PEP subunits during leaf development (Fig. 5) . The anti-OsRpoTp antibodies detected a protein of approximately 105 kDa in the SB as well as in L4. On the other hand, two PEP elements, the α-subunit (RpoA) and the sigma factor (OsSIG1), were most abundant in L4. In L3, PEP and NEP proteins decreased, while photosynthesis-related chloroplast pro- teins (LHCP and the large subunit of Rubisco) accumulated. These observations correspond to the results of our RT-PCR and Northern analyses (Fig. 3) , and are consistent with our previous finding that the mRNAs of NEP-transcribed genes accumulate in the leaves at stage P4, prior to those of PEPtranscribed genes (Kusumi et al. 1997) .
To examine the effect of the metabolic status and developmental stage of chloroplasts on the expression of OsRpoTp, we carried out immunoblot analysis on the rice virescent-1 (v 1 ), a temperature-conditional, chloroplast-deficient mutant (Iba et al. 1991 , Kusumi et al. 1997 . Our previous study indicated that in v 1 seedlings grown under restrictive temperature, mRNA accumulation of NEP-transcribed genes, such as rpoA and rpoB, was reduced in the leaves at stage P4 (Kusumi et al. 1997) . As expected, in v 1 leaves at the stages P1 to P4 (Fig. 5 , SB and L4), accumulation of the OsRpoTp protein was strongly suppressed compared to the wild type. In the leaves at stage P5 (Fig. 5, part L3) , however, an accumulation of OsRpoTp protein was also barely detectable. This was unexpected as the mRNA levels of OsRpoTp and NEP-transcribed genes greatly increased at stages P5 to P6 in the v 1 seedlings grown under restrictive temperature (Fig. 3C) (Kusumi et al. 1997 ). These observations suggest that a combination of translational and post-translational mechanisms may be involved in OsRpoTp expression. Alternatively, the results might have been caused by increased mRNA stability of NEP-transcribed genes. Transcription rates and transcript stability do not generally coincide in chloroplasts. For example, the transcription rates of the plastid accD gene, which is transcribed by NEP, decreased in PEPdeficient tobacco mutants, while its steady-state levels increased (Krause et al. 2000) . The inconsistency between the OsRpoTp protein accumulation and the transcript levels of NEP-transcribed genes observed in v 1 will have to be clarified by further analysis as, for example, by run-on assays.
The uncoupling of mRNA and protein accumulation was also observed with PEP. In v 1 leaves accumulation of PEP subunits including SIG1 and RpoA could not be detected, while the mRNAs of SIG1 and rpoA accumulated in the same tissue (Fig. 3C) . Especially, rpoA showed a considerably enhanced level of mRNA accumulation compared to the wild type. Likewise, our previous study showed that in v 1 leaves transcript level of rpoB, the β-subunit of PEP, was also higher than that in the wild-type leaves (Kusumi et al. 1997 ). On the other hand, transcript accumulation of PEP-transcribed genes, such as rbcL and psbA, was severely suppressed in v 1 leaves (Fig. 3C ) (Kusumi et al. 1997 ). This suggests that accumulation of PEP subunits in v 1 mutant parallels the PEP activity, and that the activation of PEP, as well as NEP, is achieved by the mechanism involving translational processes.
Similar effects on expressions of NEP and PEP subunits were also observed in albostrians, a ribosome-deficient mutant of barley (Hess et al. 1993 , Emanuel et al. 2004 . albostrians was phenotypically similar to v 1 and showed enhanced mRNA accumulations of NEP and PEP subunits, and subsequent blockage of accumulations of PEP-transcribed mRNAs. While protein accumulations of NEP and PEP subunits were not examined in albostrians, decreased levels of these proteins may occur in this mutant.
In this study, our data suggest that some regulation mechanisms control process(es) after transcription of OsRpoTp in response to the state of chloroplast differentiation. While the function of V 1 gene in regulation of OsRpoTp is unknown, this gene would be involved in the regulation of chloroplast transcription capacity during leaf development. We are currently performing map-based cloning of the v 1 mutation. The characterization of the V 1 gene will help to elucidate the regulation mechanisms of NEP-dependent gene expression during chloroplast development.
Materials and Methods
Plant material and growth conditions
Unless otherwise stated, the Oryza sativa japonica variety "Taichung 65" was used. Seedlings were grown in a growth chamber (Koito Seisakusho, Tokyo) under continuous illumination at 800 µmol m -2 s -1 from mercury lamps, corresponding to the standard culture conditions described previously . A virescent-1 mutant line (Omura et al. 1977) was obtained from the Institute of Genetic Resources, Faculty of Agriculture, Kyushu University.
Cloning of RpoT genes
Initial OsRpoT clones were generated by degenerate PCR with rice genomic DNA using the degenerate primers 5′-RRCIARISERT-GIACRAART-3′ (R = A or G, E = A or T, S = C or G, I = inosine) and 5′-GTIAARCARACIGTIATGAC-3′ as detailed before (Cermakian et al. 1996) . The two DNA fragments obtained were cloned into pGEM-T (Promega), prior to sequencing. These PCR products were used as a probe to screen an O. sativa cDNA library (Clontech). The 5′-and 3′-terminal portion of the cDNA clones were obtained by rapid amplification of cDNA ends (RACE) using the BD SMART RACE cDNA Amplification Kit (Clontech). We isolated total RNA from 10-day-old rice seedlings (Taichung 65) grown at 30°C out as previously described (Kusumi et al. 1997 , Horiguchi et al. 2000 . Poly(A)+ RNA was obtained using the PolyATract mRNA Isolation System (Promega). For 5′ RACE, the first-strand cDNA was synthesized using the 5′-CDS Primer (5′-(T)25N-1N-3′ ), SMART II A Oligonucleotide (5′-AAGC-AGTGGTATCAACGCAGAGTACGCGGG-3′), PGSP1 (OsRpoTp, 5′-CTCTGGTGTTTGGTCAGCTGGTGAC-3′) and MGSP1 (OsRpoTm, 5′-CTTGACCCCATGGCTTGGAGTTATC-3′). 5′ RACE was performed using synthesized first-strand cDNAs and the primers PGSP2 (OsRpoTp, 5′-TTGGGATTCTGTGCCCCATTCTTCC-3′), MGSP2 (OsRpoTm, 5′-CCATGAGCTTGTGCATGGTG-3′) and Universal Primer Mix (Clontech). For 3′ RACE, the first-strand cDNA was synthesized using 3′-CDS Primer A (5′-AAGCAGTGGTATCAACGCA-GAGTAC(T) 30 N-1N-3′). 3′ RACE was carried out using the firststrand cDNAs and primers PGSP6 (OsRpoTp, 5′-CGGGAGGGAGAT-GCAATTGCACTCC-3′) and MGSP6 (OsRpoTm, 5′-GTCCTGACT-CTTCAACGTGAAAC-3′) and Universal Primer Mix (Clontech).
RNA analyses
RNA isolation, RNA-blot analysis and RT-PCR reactions were carried out as previously described (Kusumi et al. 1997 , Horiguchi et al. 2000 . DNA fragments used for hybridization probes were isolated from rice genomic DNA by the polymerase chain reaction. They included the coding sequences of Lhcb for the light-harvesting chlorophyll protein (Matsuoka 1990) , rbcL for large subunit of ribulose-1,5-bisphosphate carboxylase (Hirai et al. 1985) , rpoA for the α-subunits of plastid RNA polymerase (Hiratsuka et al. 1989) and SIG1 for sigma factor for the plastid RNA polymerase . The sequence of the primers used for PCR are as follows: Lhcb, 5′-GAA-GAAGATCAAGAACGGCC-3′, 5′-TTGCCGGGGACGAAGTTGGT-3′; rbcL, 5′-TCTACGTCTGGAGGATCTGC-3′, 5′-AAGAAGTAGG-CCGTTGTCGC-3′; rpoA, 5′-GTGGAAGTGTGTTGAATCAA-3′, 5′-TCTCTCTTGATCCGTAACTC-3′; SIG1, 5′-ATGCTACAGAGGCT-GTGAAC-3′, 5′-CTCGACAACCCGAATTGTCT-3′. Quantitative RT-PCR was carried out using ABI PRISM 5700 (Applied Biosystems) according to the manufacturer's instructions, with cDNA input corresponding to 50 ng of reverse transcribed total RNA. The primer sequences used for Quantitative RT-PCR were as follows: OsRpoTp, 5′-TCCTCATGTCGAGCAAGGAT-3′, 5′-GAAAGAATGTCTGGAC-TTTG-3′; OsRpoTm, 5′-GTCTACTCATGACCGGTAGC-3′, 5′-CTAG-AAATTTGTGGATTCGA-3′; 17S rRNA, 5′-CAACTGCGAAAGCA-TTTGCC-3′, 5′-TGGTTGAGACTAGGACGGTA-3′.
Subcellular localization
The putative N-terminal transit peptides of OsRpoTp (87 aa) and OsRpoTm (250 aa) and the shortened OsRpoTm transit peptides (35-250 residues) were inserted into the SalI and NcoI sites of the vector CaMV35S-sGFP(S65T)-NOS3′ ). The reporter constructs were introduced into suspension-cultured green cells (cell line N-1) of tobacco (Nicotiana tabacum L. cv. Samsun NN) (Takeda et al. 1990 ) by particle-bombardment as described before (Araki et al. 2000) . Suspension cells were examined by confocal laser scanning microscopy (Araki et al. 2000) .
Isolation of chloroplasts and mitochondria
Intact chloroplasts and mitochondria were isolated from 14-dayold rice seedlings grown at 30°C under continuous light condition, as described by Tsunoyama (Tsunoyama et al. 1998 ) and Day (Day et al. 1985) .
Expression assay of recombinant OsRpoTp
The region encoding the 870 C-terminal residues of OsRpoTp was amplified by PCR using primers 5′-TCCGAATTCTGCGGCA-GCGGCAGGTGAAGGCGGAG-3′ (attached restriction site is underlined) and 5′-CAAGCTTGTCGACTTAGTTGAAGAAGTAGGTTG-AAGCAAG-3′. The amplified DNA fragments were digested and cloned into EcoRI-SalI sites of pET28 expression vector (Novagen), which subsequently was transformed into E. coli BL21. Culture and induction of BL21 containing pET28-OsRpoTp were carried out as described previously (Horiguchi et al. 2000) . The His-tagged OsRpoTp (His-OsRpoTp) expressed by the transfected cells was purified through Ni 2+ -chelation chromatography (Amersham-Pharmacia).
Antibody production
Rabbit polyclonal antisera were prepared against a synthetic OsRpoTp oligopeptide (KKYKNYMIR) by Hokkaido System Science (Japan), and were affinity-purified twice with the synthetic oligopeptide. The antisera were loaded onto an affinity column in which NHS Activated Cellulofine (Seikagaku, Tokyo) coupled with the synthetic peptide was packed as ligand. The fraction bound to the ligand in TBS (20 mM Tris, pH 7.5, 150 mM NaCl) was washed with TBS and released with 0.1 M glycine-HCl (pH 2.5). The released fraction was neutralized with 1 M Tris and stored at -70°C for use as a primary antibody. The purified antibodies were combined in blocking buffer (500-fold dilution) (Amersham Pharmacia Biotech) and used for detection of the OsRpoTp protein by immunoblot analysis. Immunoreactivity was confirmed by testing a lysate of E. coli BL21(DE3) cells that expressed His-OsRpoTp recombinant protein.
Immunoblot analysis
Immunoblot analysis was carried out essentially as described previously (Horiguchi et al. 2000) . We used purified anti-OsRpoTp antibodies (see above) and specific rabbit polyclonal antibodies against OsSIG1 , Tsunoyama et al. 1998 ) and RpoA. AntiRpoA antibodies were prepared against rice RpoA protein as described for anti-OsSIG1 (Tsunoyama et al. 1998) , but the N-terminal region of RpoA protein (residues 8-337) was used as the antigen. We also used polyclonal antibodies for the detection of the mitochondrial processing peptidase (MPP) α-subunit (Kitada et al. 1998) , that were kindly provided by Dr. S. Kitada (Kyushu University). Immunodetection was performed with the ECL Western Blotting Detection System (Amersham Pharmacia Biotech) according to manufacturer's instructions.
